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Abstract 

We study symmetry breaking in a left-right symmetric extension of the 
Standard Model with mirror fermions, one for each Standard-Model fermion. 
The new particles assist a top-quark condensate in breaking electro- weak sym- 
metry. Half of the fermions acquire electro-weak-invariant masses at around 
500 GeV and would be probably accessible at future high-energy experiments 
like LHC or NLC. The contributions to the S and T parameters are small and 
negative in accordance with electro-weak precision data. 
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1 Introduction 



High-energy experiments have given so far data consistent with the Standard Model 
described by the gauge group structure SU(3)c X SU(2)l x U(1)y- However, it is 
well known that the conventional Higgs mechanism implemented for the SU(2)l 
symmetry breaking has a naturalness problem, in that it is hard to keep a mass of 
a fundamental scalar at energies as low as the weak scale. One possible solution 
is to consider the Higgs particle as a composite state of new strongly-interacting 
fermions as in technicolor theories. Such approaches have however lost their pop- 
ularity because they tend to give large positive contributions to the electro-weak 
S and T parameters inconsistent with experimental data coming from LEP and 
SLC, except for special cases {jj. 

Another dynamical symmetry breaking scenario has its origin in that the top 
quark has turned out to be very massive, and in fact quite close to the electro- weak 
scale. This could indicate that the Higgs mechanism is closely related to a top- 
quark condensate. Models in this direction have provided interesting insights in the 
problem of electro- weak symmetry breaking, but they are usually plagued by various 
problems. Originally they were formulated in terms of four-fermion interactions of 
unspecified origin [0] . In the minimal version they either do not solve the fine-tuning 
problem or they predict a top mass which is much too large |J. In extensions of 
the minimal scenario the top mass is also too large, except for the supersymmetric 
or left-right-symmetric extensions. This could be an indication that, even though 
the top quark is an important factor in SU(2)i breaking, it is not the only one. A 
possible combination of top-mode electro-weak symmetry breaking and technicolor 
introduces again the usual problems with the electro- weak parameters Q. 

An interesting approach which solves these problems goes in the direction of 
introducing new fermions with large electro- weak-invariant masses ||, ||. These 
assist the top-quark condensate in breaking SU(2)l and simultaneously lead to ac- 
ceptable contributions to the electro- weak parameters due to the decoupling theorem 
{jj. This paper studies a left-right symmetric model with extra flavor symmetries 
which possesses these features, with the additional motivation that it can be read- 
ily incorporated into unification schemata which can in principle produce specific 
fermion mass hierarchies and CKM angles. 



1 



2 The model 



It was recently shown in a general context || that electro-weak-invariant fermion 
masses could help in keeping contributions of new physics to the S and T parameters 
under control. These masses can appear naturally in the theory by introducing, 
along with new fermions, "mirror" fermions with the same quantum numbers but 
opposite handedness. In || these were introduced in a technicolor context, but in 
the present study a left-right and flavor symmetric direction is taken. Specifically, 
mirror families to the ordinary Standard Model fermion families are introduced, 
after extending their quantum numbers in a left-right symmetric way. First ideas in 
this direction appeared quite early but not in conjunction with gauge-invariant 
masses. 

In particular, the gauge group structure SU(3)c x SU{2)l x SU{2)r x 
SU (3)f x U (1)f X U(1)b-l is considered, unbroken at scales on the order of 10 3 — 10 4 
TeV. The magnitude of these scales, as will become clear later, is constrained 
from below due to flavor-changing neutral currents (FCNC) and from above due 
to the magnitude of the lightest-family masses. The group SU(3)p unifies the three 
Standard- Model families and the role of the abelian U(1)f group is explained in the 
following. The gauge structure and the new fermions introduced have the advantage 
that, apart from restoring the left-right quantum- number symmetry missing in the 
Standard-Model fermions, they can be easier embedded in unification schemata, as 
will be discussed later. 

Under the above groups, the following left-handed fermion representations 
are introduced: 

Families Mirror families 

q 1L : (3, 2, 1, 3, K, 1/3) q 2L : (3, 1, 2, 3, - «, 1/3) 

l 1L : (1, 2, 1, 3, k, -1) l 2L : (1, 1, 2, 3, - K, -1) (1) 

q\ R : (3, 1, 2, 3, - «, -1/3) q c 2R : (3, 2, 1, 3, k, -1/3) 

l c 1R : (1, 1, 2, 3, -k, 1) l c 2R : (1, 2, 1, 3, «, 1) 

where the subscripts 1,2 indicate whether a fermion is of Standard- Model type or its 
mirror, q and / denote quarks and leptons respectively, k > is the U(1)f charge, 
and the superscript c denotes charge conjugation. 
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The U(1)b-l anomalies are canceled between quarks and leptons and the 
U(1)f anomalies between the fermions and their mirrors. Moreover, the absence of 
other chiral anomalies in models having such a fermion content has been discussed 
in |J. In principle, fermions in such representations could acquire large gauge- 
invariant masses on the order of the GUT scale. However, the U(1)f coupling k is 
taken to be large enough to prohibit the initial formation of large SU{2)i x SU{2)r 
invariant fermion masses. It is worth noting here that the proposed doubling of the 
fermionic content in a left-right symmetric context is typical of models proposed to 



provide a solution to the strong CP problem [10]. 

At this stage, the discrete L — R parity is assumed to be already sponta- 
neously broken in such a way that the gauge coupling gn corresponding to SU(2)r 
is larger than the SU(2)l coupling gp. Such models where SU(2)r and L — R 



parity break independently have already been considered in the literature [11]. On 
the other hand, the family group is assumed to spontaneously break at high energy 
scales sequentially down to an abelian group, a process which will induce effective 
four-fermion operators. It is then imagined that at a scale A# ~ 500 GeV the group 
SU(2)r becomes strongly coupled and breaks the abelian gauge group which pre- 
vented the formation of gauge-invariant masses. The fermions which are doublets 
under SU(2)r acquire therefore dynamically gauge-invariant masses. The SU(2)l 
coupling remains meanwhile weak. At lower energies around the electro-weak scale, 
the most attractive of the effective four-fermion operators mentioned above becomes 
critical, leading thus to the breaking of the SU(2)r and SU{2)l gauge symmetries. 
One therefore has a scenario where SU {2)r breaks at a low energy scale, after it has 
become strongly coupled. The sequence of gauge-symmetry breakings envisaged is 
graphically shown in Fig.l. 

A more detailed study of the scenario outlined above is now presented. In a 
first step, SU(3)f breaks down to SU(2)p at a scale A^p, separating one fermion 
family from the other two. It will turn out later that the singlet family under 
SU(2)p is the first and lightest family. The scale A%p should be on the order of 
10 3 — 10 4 TeV as already explained, in order to avoid too large FCNC and to get 
reasonable first generation fermion masses, since the massive bosons corresponding 
to the broken generators of SU(3)f are expected to feed masses down to first-family 
fermions. 
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SU(3) C x SU(2) L x SU(2) R x U(1) B -l x S*7(3) F x C/(1) F 



A 3F » 10 3 TeV 



A F » 40 TeV 
(origin of 4f inter.) 



A fi w 0.5 TeV 

(origin of strong inter.) 



A L « 0.3 TeV 



#L < 5fl 



7(l)y 



< qirqil > 



U{1)em 



SU(2)i 



U(1) F . 

< qmq2L > 

u(iy F , 



Figure 1: The sequence of gauge- group breakings of the model and the energy scales 
where these take place. The < q\RqiL > condensate, originating from the strong SU (2) R 
interactions at Ajj, gives gauge invariant masses to half of the fermions and breaks the 
U(1)f' symmetry. The < qinqiL >=< q-iaqiL > condensate breaks the SU(2)l x SU(2)r 
and U(1)b-l symmetries. It originates from the critical four-fermion interactions coming 
from the SU(2)f gauge group that was broken at A_f. The superscript " * " indicates a 
broken gauge group. 



After this breaking, the Standard-Model families, together with their mirror 
partners, transform with respect to SU(3) C x SU(2) L x SU(2) R x SU(2) F x U(l) F x 
U(1) B -l as 

Families Mirror families 
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where f = 2 for the two heavier families and f = 1 for the lightest one. 

At a lower scale A F , the symmetry SU(2) F x U(1) F should break sponta- 
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neously via a non-zero vacuum-expectation value having the right quantum numbers 
according to the pattern SU (2)p x U(1)f — ► U(1)f>. At this point the high-energy 
physics which generates this breaking (for instance by means of a fundamental Higgs 
mechanism or of a fermionic composite operator) are left unspecified. At Ap one 
has then physics producing effective four-fermion operators involving second and 
third family fermions. It will turn out later that, in order to get the correct electro- 
weak symmetry breaking scale, one should have Ap ~ 40 TeV. What should be 
kept in mind, however, is that the new physics producing this four-fermion term 
is independent of the consequences this term implies for lower energy physics and 
that alternative ways to produce it would not affect the phenomenological results 
of this work. 

The second and third family quantum numbers under SU(3)c x SU(2)p x 
SU(2)r x U{l)pi x U(1)b-l ar e then given by 

2nd & 3rd families Mirrors of 2nd & 3rd families 



q\L ■ 
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2, 


1, 


«±, 1/3) 


Q2L ■ 
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1, 
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1, 
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hL ■ 
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1, 




- «±) -1) 
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1, 
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1 C 2R ■ 


(3, 




1, 


«±, -1/3) 


1 1R ■ 


(1, 


1, 


2. 


- K±, 1) 


L 2R ■ 


(1, 


2. 


1, 


K±, 1) 



(3) 

where k± = (k ± l)/2 correspond to the U(1)f> charge Qpi = T^p + Qp/2 of the 
second and third families respectively, where T$p is an SU(2)p generator and Qp 
is the U(l)p charge. 

As will be seen in the following, the SU(2)p gauge symmetry between the 
second and third family plays a role analogous to the one the QC-D-like gauge groups 
play in top-color models Q. Its breaking induces effective four-fermion operators 
that will later be responsible for the SU (2)r and SU{2) l gauge symmetry breakings. 
After Fierz rearrangement, such a four-fermion term for the quarks of the second 
and third generation and their mirrors is 

^(1,2) = TT(9(1,2)R9(1,2)L)(9(1,2)L9(1,2),R) (4) 

plus the same term with L and R subscripts interchanged, where X/A F is an effective 



5 



four-fermion coupling. The fermion bilinears in both parentheses transform under 
SU{2) L x SU(2) R like a (2, 2). 

The next step is connected to the assumption made at the beginning, namely 
that at some high energy scale the left-right parity is broken and that the gauge 
coupling grt is stronger than gz,, where gL,R correspond to SU{2)l^ respectively. In 
fact, it was assumed that at energy scales close to the SU(2)r characteristic scale 
Ar R3 500 GeV, the SU(2)r coupling becomes strong enough to break U{1)f> via 
fermionic condensates. 

In order to prevent these condensates from breaking QCD, one has to assume 
that only two-quark operators like < qinq2L >~ ^fj/(4vr) 2 acquire non-zero vacuum 
expectation values with the help of the attractive QCD interactions and constitute 
thus the most attractive channel. Condensates involving leptons correspond to 
less attractive channels and are still prohibited by the U{\)f' gauge symmetry, 
since for large enough U(l)p> coupling they cannot overcome the corresponding 
repulsive interactions []. The fermions of the three families that are SU (2)r doublets 
acquire SU(2)l X SU(2)r invariant dynamical masses on the order of the SU(2)r 
scale M ~ A/j ~ 500 GeV, while the other half remain so far massless. These 
dynamical masses are equivalent to the constituent quark masses in ordinary QCD. 
The fermion masses get also small contributions from the effective four-fermion 
interactions originating from SU{2)p and SU(3)f. 

Note that these masses are not constrained from above by considerations 



concerning Yukawa couplings becoming non-perturbative [12|, since their origin is 
dynamical and not connected with a symmetry breaking. This is novel as regards 
studies of models involving mirror fermions and their phenomenological implications 
|||. It will be interesting to see in the next section how the smallness of the measured 
T parameter is related to the value of the dynamical mass M. 

The abelian symmetry which protected the fermions from acquiring a mass 
is broken by these condensates. Therefore, gauge-invariant mass terms of the form 
Q2RQ1L will also appear in the theory. However, they will be induced mainly from the 

relevant four-fermi operators and will be on the order of A R /A F ~ 0.1 GeV for the 

lr The U(l)p> charge normalization is such that both k+ and k- are positive, i.e. n > 1. This 
prohibits also the formation of condensates involving simultaneously second and third generation 
leptons. 
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second and third generation, and even smaller for the first generation. Interesting 
mass contributions for the light fermions are thus obtained, which will be studied 
elsewhere. If these light masses are ignored, the mass matrix takes the following 
form 



for the quarks of the two heavier generations and a similar form for the leptons and 
first-generation fermions. The fields in this matrix are ordered in a way that will 



invariant and the off-diagonal SU(2)l breaking. 

One should note that the strong SU(2)r interactions produce mass terms 
mixing the fermion generations, so the mass matrices take the above form after 
diagonalization in fermion family space. This should produce FCNC for the heavy 
partners of the Standard-Model fermions, which can in principle be fed down to 
the known SM particles via four-fermion operators. The scales of these effective 
operators are however large enough, in order to avoid problems with FCNC orig- 
inating from the broken family groups. Therefore, they are also large enough to 
avoid FCNC in the SM sector coming from the broken SU(2)r group. 

For a last step some dynamics are needed close to the SU(2)r scale 
which leads to the spontaneous breaking SU(2)r x U(1)b-l — ► U(l)y, where 
Y is the usual hypercharge given by Qy = 2T3R + Qb-l, with T^r an SU(2)r 
generator and Qb-l the U(1)b-l charge. This breaking can be achieved by a non- 
zero vacuum-expectation value of either a fundamental or a composite field which 
is a doublet under SU(2)r and charged under U(1)b-l- One of these possibilities 
will be discussed later, namely how the breaking of SU(2)r could be due to a 
fermionic condensate. Moreover, since c/fi ^rows fctst o/t energy scales close to Ar, it 
is expected to be much larger than the B — L coupling gs-L there. Therefore, the 
hypercharge gauge coupling gy at Ar will be approximately equal to gB-L, since 
g Y = J R 2 B ~2 ■ This relation should constrain the breaking scale and the strength 



of the coupling of the unifying group from which U(1)b~l possibly originates. 

The third family quantum numbers under SU(3)c x 577(2) l x U(1)* f , x U(l)y , 



12R QlR 



Q2L 




(5) 



allow later the direct use of the formalism of ||, i.e. diagonal entries are SU(2)l 
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where the star is a reminder that the gauge group is broken, are then 

3rd family Mirror of 3rd family 

Qil ■ (3, 2, k+, 1/3) U 2L : (3, 1, - k+, 4/3) 

D 2L : (3, 1, -k+, -2/3) 

L 1L : (1, 2, k+, -1) N 2L : (1, 1, - k+, 0) 

E 2L : (1, 1, -k+, -2) (6) 

E7£r : (3, 1, - K+, -4/3) Q C 2R : (3, 2, «+, -1/3) 

Df fl : (3, 1, -k+, 2/3) 

A^: (1, 1, -«+, 0) L c 2fl : (1, 2, k+, 1) 
(1, 1, -K+, 2) 

where Qil 2R = ( ^ L,2R ] and Li^ 2_R = ( ^[ 1L,2R \ , while the ones for the 
second family are the same except for the U{\)* F , charges which are k_ instead of 

Finally, the four-fermion operators ^(1,2) involving the 3rd-family up-type 
quarks have to be chosen critical, to form < UxrUxl, >=< U 2 rU 2 l >^ con- 
densates and break electro-weak symmetry along the standard pattern SU (2) l x 
U(1)y — > U(1)em, which requires of course a large initial U(1)f> coupling^. These 
fermions therefore acquire SU(2)l breaking masses, which, in order to reproduce 
the top quark mass and the weak scale correctly, should be on the order of m ~ 300 
GeV, as will be seen in the next section. The gap equations corresponding to the 
dynamical masses m and M are diagrammatically shown in Fig. 2. The source of 
the mass m is the effective four-fermion coupling X/Ap, which is assisted by the 
QCD, hypercharge and U(1) F , couplings in a sense of a gauged Nambu - Jona- 
Lasinio mechanism |l3|]. The source of the mass M are, as has already been seen, 
the strong SU(2)r interactions. 

On the other hand, the second family has a smaller charge under 17(1)% 
than the third one and it is assumed that its four-fermion interactions are not large 

enough to drive the corresponding gap equations to criticality. The same goes for 

2 This should not pose a problem in principle with a Landau pole, since U(1)f> is embedded at 
not too distant energy scales into a non-abelian group. 
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m 



rn 



X 



M 



= 9R 



M 



Figure 2: The diagrammatic form of the gap equations for m and M. The wavy line stands 
for an SU {2)r gauge boson. The corresponding gauge coupling is denoted by gn and the 
four-fermi effective coupling by X/A.%. 

the down-type quarks and the leptons of the third generation, which have smaller 
hypercharge and no color respectively. Lighter family fermions and down type 
fermions in general are expected to acquire their masses subsequently by effective 
operators induced by the broken SU(3)f, SU(2)p and SU(2)ji groups respectively. 

The same fermion condensate that breaks SU(2)l x U(1)y could also be 
responsible for the original SU(2)r x U(1)b-l breaking. However, because the 
characteristic scale of this condensate is somewhat smaller than the SU{2)r scale, 
non-perturbative contributions push the dynamical masses of the gauge bosons of 
SU(2)r up to its characteristic scale Ar. This could in principle be an economi- 
cal way of SU(2)r x U(1)b-l breaking avoiding not only too small SU (2) ij-boson 
masses but also the introduction of additional gauge-symmetry breaking mecha- 
nisms. In such a scenario the U(l)y symmetry would never be essentially realised, 
since it would only be an intermediate technical step between U (1) b-l and U (1) em- 
It is also worth noting that, after inspecting the U{\)em quantum numbers of the 
mirror families one could qualify them as "anti-matter" . 

The mass matrix for the up-type quarks of the third generation and their 
mirrors, denoted by My, takes now the form 



while for the mass matrix of the down-type quarks and their mirrors, denoted by 



U 1L 

u 2L 




(7) 



9 



M.-D, one has as before 



D2R D\ R 
D XL ( \ 
D 2L I Ml' 



(8) 



After diagonalization therefore, in which the lighter mass eigenstates are 
identified with the Standard Model fermions, a see-saw mechanism || produces 
small masses for the SM particles and large masses for their partners, in a way that 
their condensation reproduces the weak scale and the top mass correctly. The large 
gauge invariant masses of these partners are expected to damp their contributions 
to the electro-weak parameters, as will be seen in the following. 



3 Phenomenology 

For such a model to be phenomenologically viable, it should first of all be able 
to reproduce the known mass hierarchies of the Standard Model fermions and be 
consistent with present experimental bounds on new exotic particles. The new 
particles introduced should decay fast enough so that cosmological problems are 
avoided. Their decays could however produce interesting signals in upcoming ex- 
periments like LHC and NLC. Moreover, the proposed mechanism should reproduce 
the weak scale and not give too large contributions to FCNC and to the S and T 
parameters. 

The mass m breaks the electro- weak symmetry at a scale v. A rough calcu- 
lation of the weak scale gives 

v 2 ^^m 2 ln(A F /M), (9) 

so for Ap ~ 40 TeV, M » 500 GeV and m ra 300 GeV one gets v ^ 246 GeV, 
as is required. The values of M and m are chosen in a way that produces the 
correct top quark mass and simultaneously does not introduce problems with the 
T parameter, as will be seen in the following. Note that the factor multiplying the 
logarithm is twice as large as usual, since there are two, independent but equal, 
electro- weak-breaking masses m. It is also worth mentioning that such a high scale 
of four-fermion interactions requires a fine-tuning of about {m/ Ap) 2 ~ 10 -4 which 
is not explained here, but which is typical of similar scenarios |]]. 
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The diagonalization of the mass matrix in Eq.[7] gives the eigenvalues mm ~ 
—m 2 /M and mjj2 ~ M for m <C M. These correspond to the eigenvectors t and 
t' , where t is identified with the usual top quark, in which case mt = —mm, while 
t 1 is a heavier partner it mixes with, having m# = mu2- F° r m ~ 300 GeV and 
M « 500 GeV one gets m t « 175 GeV. 

From the diagonalization one gets 



while 



In the above, Vj/z = Vf/R sa ^ j ^ _ _ ^ an(i 

•Mw,x> = Ktp DR ( mu ^ D1 ] Vf/z, hr, where the notation of || is fol- 

' y mu2,D2 J 

lowed closely. For simplicity the bottom quark mass has been taken equal to zero, 
so the corresponding mass matrix is already diagonal with eigenvalues moi = 
and m_D2 = M. It is therefore important to note that, in contrast to the lighter 
fermion eigenstates, the top-quark eigenstate has a non-negligible 5C/(2)z-invariant 
component which could in principle be detectable in future experiments. 

For S and T one obtains then M 

N m 2 / 4 \ 
S = —j^( K --ln(M 2 /ml)-6 X (m 2 /M,M)-M 2 /m 2 + 2j 

N m 2 / \ 

T = 5 ■ 2 fl 2 l ^(9(M,0)-9(M,m 2 /M)), (12) 
87rsm z Bwm^ M z V / 

where N is the number of contributing new fermion doublets, m w ^ z are the usual 
and Z° boson masses and the functions 8 and \ are defined in 0. Note that, 
in accordance to the decoupling theorem, both S and T tend to zero as m/M goes 



to zero. A recent fit of experimental data involving S and T gave [14]: 

S = -0.4 ±0.55 

T = -0.25 ±0.46. (13) 

Therefore, one can adjust M in the present model so that it gives results consistent 
with present electro-weak data. 
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Expanding the 9 and \ functions in powers of m/M, one finally finds for 
the S parameter, in leading order and for M ~ 500 GeV and N = 12 new SU(2)l 
doublets: 

S = H^ 2 /™?) - 21n(M 2 /m 2 )/3 - 2/3) » -0.44 . (14) 

Note that there are sizable corrections to this result since m is not much smaller 
than M, but one should not expect qualitative changes of the results when these 
are included. 

The T parameter is in leading order given by 

T = ~ ^ (M 2 /m 2 )) « -0.45 . (15) 

47T sin u w 

Here it is assumed that N = 3, i.e. only the three (from the three QCD colors) 
"mirror" doublets of the top and bottom quarks contribute. This is expected, since 
all other Standard Model quarks have very small masses, while their "mirrors" have 
all masses of order M, so their contributions to the T parameter are vanishingly 
small, as is easily seen from Eq.^. One can check that, for a given top-quark 
mass nit, values of M too far away from about 500 GeV would yield unacceptable 
values for the T parameter. The relative lightness of the mirror particles that ensues 
from this fact provides therefore an accessible test for the proposed mechanism in 
experiments like LHC or NLC. It is important to note at this point that the fermion 
content used can naturally produce negative values for the S and T parameters. 

We turn now to further phenomenological considerations. First of all, it is 
noted that the unification scale of the first family with the two heavier ones at 
about 10 3 — 10 4 TeV, as well as the unification scale of the second and third families 
at hp ~ 40 TeV is too high to produce detectable effects like FCNC in present 
experiments. However, the bosons corresponding to the broken U{1)* F , and SU(2)* R 
could give effects just on the border of present experimental constrains on their 
masses. Moreover, in this model all symmetries are gauged, so there are no light 
pseudo-goldstone bosons one should worry about. 

Cosmological problems in this scenario are not expected, since the mirror 
families should decay rapidly enough. Similar to the top quark, mirror quarks are 
expected to decay before they have the time to hadronize via four-fermion opera- 
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tors originating from the broken gauge groups. They would however be copiously 
produced at colliders like LHC or NLC. 

The flavor-breaking sequence leads in principle to interesting hierarchical 
Yukawa couplings. Future studies will show whether such a model can produce 
reasonable mass hierarchies, CKM matrix elements and CP violation, as well as 
reproduce correctly the measured value of sinO w . In fact, the experimentally known 
value of sin 9 W should allow the prediction of the breaking scale of a possible uni- 
fication group from which the assumed group structure resulted. Next, it would 
be interesting to check if the proposed fermion content could lead to some gauge 
coupling unification at higher energies. An investigation in this direction could 
be updated using the now known top-quark mass and considering heavier partners 
for the Standard-Model fermions, since their masses are gauge invariant, while at 
the same time trying to use a smaller unifying Pati-Salam breaking scale that can 
produce reasonably large masses for the leptons. 

4 Discussion 

We have extended the gauge structure and the fermion content of the Standard 
Model in a left-right and flavor symmetric way, by introducing SU (2)r and SU (3)f 
gauge groups and mirror fermions to the ordinary ones. A mechanism for electro- 
weak symmetry breaking was then proposed, which reproduces correctly the weak 
scale and the top-quark mass. By giving gauge-invariant dynamical masses to half 
of the fermions due to strong SU(2)ji dynamics, one is able to naturally produce 
values for the S and T parameters in good agreement with experimental data, a long- 
standing problem in dynamical symmetry breaking models. The masses of the new 
fermions and bosons are accessible to the next-generation high-energy experiments, 
providing therefore a concrete testing ground for the proposed model. 

The starting point of the model appears even more appealing from a grand- 
unification perspective, since quark-lepton and family unifying groups give in prin- 
ciple the possibility to reproduce the observed fermion mass hierarchies. In fact, 
the fermion content used in this paper fits very nicely in unification schemata where 
fermions and vector bosons transform under the lowest-dimensional representation 
of an .Eg group, i.e. the adjoint 248. Other groups could also be considered, but the 
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attractiveness of E% comes e.g. from string theory |lq] . If there are no other par- 
ticles like fundamental scalars in other representations, Eg is super symmetric and 
asymptotically free. Under its maximal SO (16) subgroup the particles transform 
under 128 + 120, so if one assumes that SO(16) breaks at Planck-scale energies 
down to its maximal SO(10) x SU(4)f subgroup [fL7|, where SU(A) F is a fermion 
family group, the fermions of interest in this paper transform under the new gauge 
structure like (16, 4) and (16, 4), i.e. one has four ordinary and four "mirror" (or 
"conjugate") families. The appearance of mirror families is in this context therefore 
natural. Furthermore, it is intriguing to be able to relate the number of fermion 
families, via the appearance of an SU(4)f ~ SO(6) group, with the number of the 
(six) compactified dimensions in string theory |Tq ] . 

In such a scenario 5*0(10) then breaks down to ££7(4) ps x SU (2) l x SU (2)#, 
where SU(4)p S is a Pati-Salam group ||| and SU(4) F down to SU(3) F x U(1) F . 
To avoid fast proton decay, the SO (10) breaking scale should be larger than about 
Aio ~ 10 16 GeV. The structure considered suggests the existence of a fourth fermion 
family and its mirror, which is assumed to acquire a large mass and decouple from 
the physics studied here. An example of how this can be achieved, together with giv- 
ing Planck-scale masses also to the other fermions and vector bosons not needed in 
this discussion, is given in a similar discussion of Ref.JlT]]. After the breaking of the 
Pati-Salam group down to SU(3) C x U(1) B -l at around 10 3 - 10 4 TeV, a scale that 
would allow for reasonable lepton masses to be fed down from the SC/(2)x-breaking 
up- type quark condensate, one gets the group structure and fermion representations 
assumed at the beginning. Other breaking sequences might also be possible, so this 
discussion provides only an example of how one could get elegantly the fermion 
content used, and it should not affect the conclusions drawn from the proposed 
mechanism of SU(2) F breaking. 

In the past, a similar fermion content has been used in connection with a 



breaking of <SO(10) down to SU(5), along with a usual Higgs mechanism [19|, even 
though in that case the mirror fermions are assumed to have electro- weak-breaking 
masses. The motivation for using here the SU(4)ps x SU{2)i x SU(2)p subgroup 
of ,50(10) instead of SU(5) is that, apart from unifying quarks and leptons in a nice 
way, it introduces naturally a left-right symmetry which renders the generation of 



gauge-invariant masses possible. Moreover, in contrast to [19], the symmetry that 
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prohibits large gauge-invariant fermion masses is here flavor-diagonal, which is due 
to the sequential breaking of the family group, so there are no problems with FCNC 
induced by the groups U(1)f,f'- 

Since both SO(W) and SU(4:)f are asymptotically free, it is conceivable that 
they self-break via fermionic condensates and tumble down to the assumed gauge 
structure. It would be interesting if the right-handed Standard-Model neutrinos 
were involved in such condensates, because then they would acquire very large 
masses and the lightness of their left-handed partners would be explained by a see- 
saw mechanism. This mechanism would produce neutrino masses small enough to 
provide an MS W solution to the solar neutrino problem |^0j . A thorough analysis of 
the attractive channels needed for such a symmetry breaking sequence goes however 
beyond the scope of this paper. On the other hand, a Higgs-based mechanism of such 
a spontaneous breaking sequence, albeit in a super symmetric context, is considered 



for instance in Ref.[ll|. 

It would be nice if the vacuum expectation value that partially breaks SO(W) 
breaks also the local L — R discrete symmetry of SO(W), explaining thus the large 
difference of the couplings and gi at low energies. The local character of this 
discrete symmetry and its breaking at scales higher than the SU(2)r breaking scale 
avoids also cosmological problems related to domain-wall formation. An additional 
group-theoretic argument supporting, but of course not proving, the simultaneous 
breaking of L — R parity and SO (10) is the twofold symmetry of the Dynkin diagram 
of SO (10), which is a manifestation of the discrete L — R symmetry and which does 
not exist in the Dynkin diagrams of the subgroups of SO (10) considered here. 

The above arguments all-together show that the specific model and the pro- 
posed symmetry-breaking sequence could very nicely fit into a larger, even more 
symmetric framework. Since there are many possibilities for the dynamics of the 
theory at such high energy scales however, one should consider the above just as 
pure speculation and only as a hint towards the origin of the gauge structure and 
new fermions introduced, the representations of which could just as well be taken 
ad hoc. In any case, it will be interesting to see how such a scenario develops as its 
implications are thoroughly investigated in future studies. 
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